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responsibility ofAbstract This paper deals with microstructural evolutions and mechanical properties of Nb–Si
binaries containing dual-phase Nb/Nb5Si3 with Nb to Nb5Si3 fraction ratios of 90:10, 80:20, 70:30
and 50:50, prepared by spark plasma sintering (SPS). Dense Nb/Nb5Si3 samples with a relative
density larger than 99.5% were obtained by SPS processing. The SPS samples consist of the Nb and
Nb5Si3 phases with less than 3% fraction of NbO oxide. Hv at room temperature, and compressive
strength at 1150 1C and 1250 1C of the bulk SPS alloys increase monolithically by enhancing
fraction of the stiffening Nb5Si3 phase. For example, 0.2% yield strength, s0.2, increases from
175 MPa to 420 MPa at 1150 1C and from 110 MPa to 280 MPa at 1250 1C, when the Nb5Si3
fraction increases from 10% to 50%. It is interesting that the fracture toughness, KQ, of the bulk
SPS samples seems not to be sensitive to phase fraction. Heat treatment, however, plays a key role
on the KQ as compared with that of the as-sintered state, at the corresponding Nb5Si3 fraction and
considerably improves the KQ by about 100% for samples with the Nb5Si3 fractions of 10%–30%,
and by about 50% for the sample with 50% Nb5Si3 fraction.
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Chinese Materials Research1. Introduction
High thrust-to-weight ratio aero-engines demand materials for
their hottest components which can withstand ultra-high
service temperature. Recent researches have shown that
dual-phase NbSS/Nb5Si3 in-situ composites have great poten-
tial to replace nickel-based superalloys [1,2] in the hottest
components/sections of future aircraft engines; because of
possessing high melting point (2520 1C), high stiffness, rela-
tively low density (7.1 g/cm3) and excellent mechanical proper-
ties at elevated temperatures [3–7]. In the NbSS/Nb5Si3 in-situsting by Elsevier B.V. All rights reserved.
W. Liu et al.56composites, the ductile Nb phase offers fracture toughness and
good deformability, and the stiffening Nb5Si3 phase supplies
strength and creep resistance at the elevated temperatures.
The usual methods, i.e., vacuum arc-melting [8–10] or
directional solidiﬁcation [11–14] of fabricating NbSS/Nb5Si3
in-situ composites shows compositional segregation, coarsens
microstructure and other metallurgical defects [8–10] which
are deterious for properties. In order to overcome these
disadvantages, some researchers have used powder metallurgy
technology to prepare Nb–Si based alloys [15–17], which can
obtain a homogeneous and accurately controlled microstruc-
ture (in morphology, phase fraction, and size). The effects of
powder metallurgical parameters (milling time and sintering
temperature, etc.) on the microstructural evolution and
mechanical properties of the Nb–Si binary and Nb–Si–Ti
(Fe) ternary alloys have already been investigated [15–17]. In
an Nb–16Si binary alloy, three phases NbSS, Nb5Si3 and
Nb3Si were observed in the as-sintered bulk alloys, and the
morphology of the constituent phases (NbSS, Nb5Si3 and
Nb3Si) changed from large size trips to ﬁne near-equiaxed
shape as the milling time increased, while the volume fraction
of the NbSS phase decreased with increase in the milling time.
An increasing sintering temperature improved the densities
and mechanical properties of the sintered Nb–Si alloys. Ti
additions in the Nb–16Si binary led to the formation of the
TiSS phase, which improved the room temperature ﬂexural
strength and fracture toughness [15]. A new silicide Nb4Fe3Si5
phase with a low melting-point of 1359 1C has been observed
in the Nb–Si–Fe ternary prepared by powder metallurgy
technology [17], which enabled this alloy to display super-
plasticity larger than 1400% at 1400 1C and an excellent room
temperature elongation of 2%.
The sintered Nb–Si based alloys, reported till to date, were
used to be made from the pure element powders [15–17],
which sometimes show limitations in obtaining the designed
microstructure due to incomplete solid reaction [18,19]. In this
work, the pure element Nb and Nb5Si3 silicide powders were
employed as the raw materials, which can carry out the
accurate control of the phase fraction of the Nb/Nb5Si3 alloys.
Bulk dual-phase Nb/Nb5Si3 samples with different phase
volume ratios were fabricated by spark plasma sintering
(SPS) technology, which can facilitate the densiﬁcation process
of the sample to complete in a very short period of time under
the combined effect of mechanical shock wave and the
external pressure. We aimed to investigate the effect of the
phase fraction on the microstructure and mechanical proper-
ties of the SPS Nb/Nb5Si3 alloys.2. Experimental procedures
Powders of the pure Nb and Nb5Si3 were used as raw materials.
The bulk Nb5Si3 ingot was prepared by arc-melting and
smashed through mechanical method, and then separated using
mesh screens to obtain Nb5Si3 powder. The Nb and Nb5Si3
powders with various volume ratios of 90:10, 80:20, 70:30 and
50:50 were mixed at room temperature in vibration ball mill
with polymer vials and bearing steel balls under argon atmo-
sphere. The ball-to-powder weight ratio was maintained at 4:1,
and the ball mill mixing, of the combined powders with weight
of each, 60 g, was performed for 3 h with the rotation speed of
300 rpm. The mill mixed powders were subsequently placedinto the BN-coated graphite die and sintered at 1350 1C for
5 min under 50 MPa in an argon atmosphere by using SPS-
1050, followed by furnace cooling. The sintered samples were
annealed (heat treated) at 1500 1C for 50 h in vacuum and then
furnace cooled to room-temperature. The phase constitutions of
the mill mixed powders, the sintered and heat-treated samples
were identiﬁed by X-ray diffraction technique (XRD), using
ﬁltered Cu Ka radiation, 40 kv and 300 mA (RIGAKU RINT
2500). Density of the hot-pressed samples was determined by
the immersion method in distilled water, based on Archimedes
principle. Secondary electron images (SEI) of the milled particle
morphologies and of fracture surfaces of the bulk samples were
taken by using a scanning electron microscopy (FEI Quanta
200F), while backs-scattered electron (BSE) images were taken
to investigate microstructures, crack propagation path of the
tested samples (SEM, JEOL JXA-8100). The chemical compo-
sition of each phase was analyzed by using energy dispersive X-
ray (EDX) spectroscopy. The dimension and volume fraction of
the phases in each sintered and heat-treated sample, were
statistically determined by quantitative metallographic analysis
on the back-scattered microstructures. Three-point bending
tests were conducted on an Instron testing machine 1186, at a
constant rate of 1 mm/min to measure fracture toughness KQ.
The bending specimen was 30 mm in length, 3 mm 6 mm in
cross section and the outer span in the three-point bending was
24 mm. A straight notch of about 3 mm depth was inserted into
each bending specimen at mid-length by using electro-discharge
machining (EDM) with 0.1 mm diameter Mo wire. Vickers
hardness (Hv) was measured by an HXZ-1000 digital micro-
hardness tester under a load of 1 kg with a load-maintaining
time of 15 s, and the average Hv value was obtained from
at least 11 indents on each sample. The high-temperature
compressive tests (at 1150 1C and 1250 1C) were conducted
in an argon atmosphere at a strain rate of 1 103 s1 using
a Gleeble 1500 testing machine. The compressive cylinders
were 6 mm in diameter and 9 mm in length. All specimens for
the three-point-bending and compressive tests were mechani-
cally polished using SiC paper (1000-grit) with water before
testing.3. Results and discussion
3.1. Morphology and X-ray diffraction analysis of powders
The secondary electron images and XRD patterns of Nb and
Nb5Si3 powders (starting materials) are shown in Fig. 1(a) and
(b), respectively. The powders of Nb present irregular shapes
with some small particles attached to the larger ones, while the
b-Nb5Si3 alloy powders almost have a near-equiaxed shape
and their average size is about 20 mm. The inserted X-ray
diffraction proﬁles reveal that the raw powders are almost the
pure Nb element and b-Nb5Si3 alloy without other impurities.
The morphologies of the Nb and b-Nb5Si3 mixed powders
with different volume fraction ratios are presented in Fig. 2
which clearly exhibits the homogeneity of the powder mix-
tures, consist of the lager Nb slices and smaller b-Nb5Si3
particles. It is suggested that during the mill mixing process the
powder mixtures were strongly impacted by colliding with the
bearing balls and the polymer tank. In such case, the brittle
b-Nb5Si3 particles are easy to fracture and form smaller
granular shape, however, the Nb powders seem difﬁcult to
Fig. 1 SEI micrographs of Nb powder (a) and Nb5Si3 alloy powder (b). Inserts are XRD patterns.
50 µm50 µm
50 µm 50 µm
Fig. 2 SEI micrographs of the powder mixtures of Nb to Nb5Si3 volume fraction ratios of: 90:10 (a), 80:20 (b), 70:30 (c) and 50:50 (d).
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also be seen in Fig. 2 that the overall size of the powder
mixture shows a decreasing tendency when the volume frac-
tion of the Nb powder decreases from 90% to 50%.3.2. Microstructures of bulk materials
Fig. 3 shows the XRD patterns of the bulk as-sintered and
heat-treated two-phase Nb/Nb5Si3 alloys with different frac-
tion ratios. The typical diffraction peaks of Nb and a-Nb5Si3
are observed in all the as-sintered alloys, in addition, the slight
peaks of NbO are also detected, which may be due to thereason that Nb powders slightly oxidized during the SPS
sintering. From the XRD patterns, it is identiﬁed that the bulk
sintered alloys mainly contain the Nb and a-Nb5Si3 phases
without any formation of other niobium silicides (like Nb3Si).
By comparing Fig. 3(a) to (b), it ﬁnds that heat treatment does
not inﬂuence the phase constitutions. The intensity of Nb
peaks naturally decreases with the decreasing of the Nb to
Nb5Si3 fraction ratio, while that of the a-Nb5Si3 changes
conversely. It should be noticed that the b-Nb5Si3 to the
a-Nb5Si3 phase transformation takes place during the SPS
processing; while the a-Nb5Si3 phase is the well-known
high-temperature stable phase, advantageous for the high-
temperature strength.
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Fig. 3 XRD patterns of the as-sintered and heat-treated Nb/Nb5Si3 samples: 90:10 (a), 80:20 (b), 70:30 (c) and 50:50 (d).
W. Liu et al.58Figs. 4 and 5 display the back-scattered electron (BSE)
images of the bulk as-sintered and heat-treated alloys, respec-
tively. As it can be seen in the Fig. 4, two main phases with
clear contrast (white and gray phase) exist in all the as-sintered
alloys. Besides, a small fraction of dark islands or particles are
also observed. In order to determine the phase constitutions in
the alloys, the EDS analysis was performed and is shown in
Fig. 6. By combining XRD (Fig. 2), BSE (Fig. 4), and EDS
(Fig. 6) results, it is conﬁrmed that the white phase is Nb, the
gray phase is the a-Nb5Si3 silicide, and the dark phase is the
NbO oxide. With an increase in the a-Nb5Si3 fraction, the a-
Nb5Si3 phase distributes gradually from discontinuous island
(Fig. 4(b)) to continuous network (Fig. 4(c)) and ﬁnally to the
matrix (Fig. 4(d)) at the fraction ratio of 50:50. By careful
observations, it is illuminated that most of the NbO oxide
tends to form within the Nb5Si3 phase or on the boundaries.
The microstructures for the heat-treated samples are same as
those for the as-sintered cases, while both the Nb and NbO
oxide show coarsening tendency in the 70:30 and 50:50
samples, as compared Fig. 5(b) and (c) with Fig. 4(c) and (d).
Table 1 lists the volume fractions of constituent phases in
the bulk as-sintered and heat-treated samples (for eachsample, the composition is calculated from Nb–Si binary
diagram [20], also shown for comparison). The Nb and Nb5Si3
fractions of each SPS alloy are very close to those in the
powder mixtures at the corresponding designed powder ratios.
This suggests that the proportion of Nb and Nb5Si3 phase in
the alloys can be precisely controlled by using current sample
preparation procedure, with this fact that the heat treatment
has no visible effect on the phase fractions. It should be
noticed that the NbO fraction in the most samples is in a range
of 0.8–3%; the impure atmosphere in the SPS furnace may be
the cause of forming NbO.
Table 2 presents relative densities of the bulk Nb/Nb5Si3
samples, which have different phase fraction ratios, while
the densities are also enclosed. The relative densities of all
the samples are more than 99.55%, which means that dense
Nb/Nb5Si3 samples of Nb and Nb5Si3 powders can be
fabricated by using SPS technology. Because the density of
the Nb5Si3 phase is 7.16 g/cm
3 which is lower than that of the
pure element Nb (8.56 g/cm3), therefore the densities of the
bulk alloys decrease with increase in the Nb5Si3 fraction. The
bulk SPS alloys have the densities in a range of 7.708–8.218 g/
cm3 in this work.
100 µm
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Fig. 4 Back-scattered electron images of the as-sintered Nb/Nb5Si3 samples with volume fraction ratios of: 90:10 (a), 80:20 (b), 70:30 (c)
and 50:50 (d).
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Table 3 summaries the Vickers hardness (Hv) and fracture
toughness (KQ) values of the bulk SPS alloys. The Hv of the
bulk samples naturally increases monolithically with the
stiffening a-Nb5Si3 proportion, according to the rule of
mixture [21,22]. For example, in the as-sintered case, the Hv
increases from 385 to 882 as the a-Nb5Si3 fraction increases
from 10% up to 50%. The Hv of the heat-treated sample is
almost at the same level as that of the as-sintered one at the
corresponding phase fraction ratios.
It is clear that in both the as-sintered and heat-treated cases,
the KQ seems not to be sensitive to the a-Nb5Si3 fraction, for
example, when the a-Nb5Si3 fraction increases from 10% to
50%; the KQ value of the as-sintered samples reduces a small
amount by less than 10%. In the case of the heat-treated
samples, the KQ value remains almost at same level for the
a-Nb5Si3 fractions of 10–30%, and a 20% decrease in the KQ
is observed only when the a-Nb5Si3 fractions is 50%. Inter-
estingly, the heat treatment plays a key role on the KQ of the
bulk samples; the KQ is signiﬁcantly improved by about 100%
at the a-Nb5Si3 fractions of 10–30% when compared with that
of the as-sintered samples, and by 50% when the a-Nb5Si3
fractions is 50%, as seen in Table 4. The improvement of the
KQ by the heat treatment may be due to the reason that
residual stress of the bulk alloy, caused by the sintering,
eliminates and the binding force of the Nb and Nb5Si3
interfaces enhances [23].Table 4 lists the average KQ values of some as-cast,
directionally solidiﬁed and hot extruded Nb–Si binaries for
comparison. From Tables 3 and 4, it is known that the
fracture toughness of the Nb–Si samples depends on the Si
content and the processing technologies. For the as-cast Nb–Si
binaries, the fracture toughness decreases signiﬁcantly as the
Si content increases from 4 at% to 16 at%, i.e., the Nb5Si3
fraction increases from 9.5% to 40%. For example, with a
ductile Nb dominant microstructure, the as-cast Nb–4Si alloy
shows a fracture toughness of 25–38 MPa m1/2 [24], while that
is about 9.2 MPa m1/2 for the Nb–10Si alloy, and 5.4 MPa m1/
2 for the Nb–16Si alloy. It should be emphasized that as the Si
content further increases up to 2 at%, the fracture toughness
becomes insensitive to silicon content [3,7,25]. In the direc-
tionally solidiﬁed case, the KQ as a function of the Si content
also obeys the above variation [4]. Interestingly, the Si content
that shows no effect on the KQ of the SPSþheat-treated
samples, is about 4.3–12 at% (see Table 3), which is very
different from that of the as-cast and directionally solidiﬁed
cases. Table 4 strikingly reveals that thermomechanical pro-
cessing plays a key role in the toughness improvement of the
Nb–Si alloy. By directional solidiﬁcation and hot-extrusion
treatment, for instance, the Nb–10Si alloy shows an increased
fracture toughness, from 9.6 MPa m1/2 of the as-cast case to
14 MPa m1/2 of the directionally solidiﬁed case [4], and then to
20–22 MPa m1/2 of the hot-extruded case [25]. The same is true
for the Nb–16Si [3,4,25]. By comparing Table 4 with Table 3,
it ﬁnds that at a low Si content of 4 at%, the fracture
100µm 100µm
100µm 100µm
Fig. 5 Back-scattered electron images of the heat treated Nb/Nb5Si3 samples with volume fraction ratios of: 90:10 (a), 80:20 (b), 70:30 (c)
and 50:50 (d).
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Fig. 6 EDS analysis of the white phase (a), the gray phase (b) and the dark phase (c) in the as-sintered Nb/Nb5Si3 sample.
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Table 1 Volume fractions of the constituent phases in the as-sintered and heat-treated alloys.
< 62
Table 2 Densities and relative densities of the SPS samples with different phase fraction ratios of Nb and Nb5Si3.
< 62
Table 3 Vickers hardness Hv and fracture toughness KQ of the as-sintered and heat-treated samples as a function of the phase
fraction ratios.
< 62
Table 4 Fracture toughness KQ (MPa m
1/2) of some Nb–
Si binaries prepared by different processing technologies.
< 62
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cast one; however, at the Si contents of 12 at% and 20 at%,
the SPS samples show higher toughness than the as-cast and
directionally solidiﬁed cases by 1.1–2.8 MPa m1/2. It is sug-
gested that the hot extrusion is the most effective for improv-
ing the fracture toughness, it enhances the fracture toughness
by 70–80% in comparison with the directional solidiﬁcation
and about 2.5 times in comparison with the as-cast case. The
reason is that the micro-cracks within the alloy that are
harmful to the fracture toughness can be fully enclosed by
the hot extrusion [7]. The complexity of the fracture toughnessas a function of the Nb5Si3 fraction for different processing
technologies needs to be systemically study in the future.
Fig. 7 shows the fracture morphologies of the heat-treated
Nb/Nb5Si3 alloys with different fraction ratios after three-
point bending test. The slight river pattern is found on the
fractured Nb phase which illustrates that the failure manner of
the Nb phase is typical of cleavage fracture. The fracture
section of the Nb5Si3 phase fails in a brittle way with very
smooth fracture surfaces. By following reverse path of the
river pattern, it ﬁnds that the cracks originated at the grain
boundaries of the Nb/Nb (points A in Fig. 7(a)) or at the
interfaces of the Nb/Nb5Si3 (points B in Fig. 7(c)).
Fig. 8 shows the true stress–strain curves of the heat-treated
alloys at 1150 1C and 1250 1C. The stress level increases
monolithically with the a-Nb5Si3 fraction and a considerable
enhancement in the strength is obtained when the a-Nb5Si3
fractions are 30% and 50%. The curves show a very short
deformation-hardening stage; after the stress is beyond the
peak value, it still remains at high level, larger than 70–90% of
the peak value until the total strain is greater than 40% for the
samples with the a-Nb5Si3 fractions of 10–30%, while it
just remains at half of the peak value for the sample with
50% a-Nb5Si3 fraction. The average 0.2% yield compressive
strength (s0.2) and maximum compressive strength (smax) of
the heat-treated alloys at high temperatures are summarized in
20µm 20µm
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A
A
A
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Fig. 7 Fracture surface of the heat-treated samples with volume fraction ratios of: 90:10 (a), 80:20 (b), 70:30 (c) and 50:50 (d).
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Fig. 8 Compressive stress–strain curves of the heat-treated
Nb/Nb5Si3 alloys at 1150 1C (a) and 1250 1C(b).
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Nb5Si3 fraction shows the strength about 2.5 times of the
sample with 10% a-Nb5Si3 fraction. The high-temperature
strength, of the SPS and AC (as cast) Nb–Si binaries, is almost
at the same level at the corresponding Si content [3,5].
By studying the behavior of the SPS Nb–Si binaries as well
as referring to the as-cast, directionally solidiﬁed and hot
extruded Nb–Si binaries; it is found that a combination of the
microstructural design and the thermalmechanical processing
may be an effective method to balance the behavior of the
Nb–Si based alloys, while alloying with Ti, Cr, Hf, Al, and
rare earth elements [10–14, 21] etc., should be considered when
design the microstructure. An extensive work is still necessary
to optimize the above factors and to develop the Nb–Si based
alloys that meet the requirements of room-temperature tough-
ness and ductility, high-temperature strength and oxidation
resistance in the ultra-high-temperature structural materials.4. Conclusions
Nb–Si based alloys with different Nb to Nb5Si3 fraction ratios
were prepared by SPS, and effect of phase fraction on the
mechanical properties of the Nb–Si binary at room and high
temperatures were investigated. The following conclusions are
made:(1) the dense SPS Nb–Si alloys with different phase fractions
have a relative density larger than 99.5%. The SPS alloys
mainly consist of the Nb and Nb5Si3 phases and in each
Table 5 Compressive strength (MPa) of the heat-treated
samples at high temperatures.
< 62
Microstructure and mechanical properties of Nb–Si alloys fabricated by spark plasma sintering 63sample, the fractions of the Nb and Nb5Si3 phases are
consistent with the nominal Nb to Nb5Si3 powder ratios.
However, less than 3% fraction NbO oxide is also
introduced by the SPS processing;(2) with an increase in the stiffening Nb5Si3 phase, the Hv of
the bulk alloys increases monolithically, while the KQ
seems not to be sensitive to the Nb5Si3 fraction in the as-
sintered and heat-treated states. However, the heat
treatment signiﬁcantly improves the KQ value of the
bulk samples by about 100% at 10%–30% Nb5Si3
fractions, and by about 50% at 50% Nb5Si3 fraction;(3) the high-temperature compressive strength of the bulk
samples increases monolithically with the Nb5Si3 frac-
tion. At 1150 1C, the s0.2 of the bulk heat-treated sample
is 175 MPa at 10% Nb5Si3 fraction, 420 MPa at 50%
Nb5Si3 fraction, while it is 110 MPa and 280 MPa at
1250 1C with the corresponding Nb5Si3 fractions.Acknowledgment
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